In autumn 2001, 15 canopy gaps were selected for study in Rumerhedge Wood, a semi-natural, mesotrophic beechwood in southern England. The gaps were located in mature, beech-dominated stands, and had originated from openings created during a thinning in the early 1980s and wind damage in 1987/1990 and/or the consequent salvage operations. The extent of each gap and surrounding trees were mapped. Tree/shrub regeneration, ground vegetation, bare earth, leaf litter and canopy openness (using a canopy-scope) were measured within and around the gaps using a 5 × 5-m grid and placing a 1 × 1-m quadrat at each grid intersection (total number of quadrats = 400). Most of the gaps were <75 m 2 in area. The largest was 241 m 2 . They were generally irregular in shape and there was little or no understorey present. Most surrounding trees were beech Fagus sylvatica L. Bramble Rubus fruticosus L. formed a moderate to dense ground vegetation below most gaps and declined around the edges only once the gap opening was substantially obscured. Apart from a few larger saplings, most regeneration was small and of beech. Most of the latter appeared to be in their fi fth or sixth growing season, were 10 -35 cm tall, had an erect base and fl at top, had increased by <5 cm in height during 2001 and were not browsed by deer. Their height and growth form was related to (1) their position within gaps, (2) the degree of canopy openness and (3) the cover of ground vegetation. This was translated into the following zonation -(1) around the centre of larger gaps: canopy openness increased to >15 per cent; bramble cover was near complete; litter depth was low; many places had no beech seedlings, but some of the few present were among the tallest, most upright and fastest growing; (2) towards the edges of the large gaps or directly below smaller gaps: canopy openness was about 4 -10 per cent; bramble cover was slightly less; beech seedlings were moderately abundant but patchy, generally shorter, more fl at topped and slow growing than in the gap centre, albeit some were still among the tallest, most upright and fastest
Introduction
Beechwoods in north-west Europe form a distinctive biogeographic vegetation type ( Dierschke, 1990 ( Dierschke, , 1997 Jahn, 1991 ) and cover ∼ 200 000 -350 000 ha (depending on the geographical limits) (estimated from national forest inventory data). In Britain, they cover ∼ 83 000 ha ( Forestry Commission, 2001 ). Much of this woodland is now managed for multipurpose objectives, particularly timber production, nature conservation, amenity, recreation and/or game sport ( Render, 2002 ; Forestry Commission, 2003 , 2004 . Most beechwoods in Britain have been managed as relatively simple, even-aged, high forest mixtures, harvested by clear cutting and restocked by planting ( Jones, 1961 ; Penistan, 1974 ; Aldhous, 1981 ; Evans, 1984 ) . Only a few sites have been brought under controlled shelterwood or group management systems using natural regeneration, unlike in continental Europe ( Pryor and Savill, 1986 ; Hart, 1995 ) . In fact, natural regeneration of beech is generally perceived as being unreliable, diffi cult to achieve, possibly more expensive than planting and easier to achieve with ash, birch and sycamore ( Bourne, 1945 ; Evans, 1988 ; Harmer, 1994a Harmer, , 1995 . Nonetheless, an increased emphasis has been placed on restocking with natural regeneration, in addition to the use of shelterwood/group-harvesting systems and growing of mixed stands of native species, particularly in semi-natural woods ( Forestry Commission, 1985 , 2003 , 2004 Render, 2003 ) . The main advantages of natural regeneration over planting are considered to be maintaining the genetic variability of local genotypes and natural distributions of species, matching individuals with the most suitable growing sites and the establishment of dense, mixed stands with a ' natural ' appearance ( Soutar and Spencer, 1991 ; Kerr and Evans, 1993 ; Peterken, 1996 ) .
Studies and observations of natural regeneration in British beechwoods and the processes affecting this have been widely reported (e.g. Watt, 1923 Watt, , 1924 Watt, , 1925 Watt, , 1934 Bourne, 1942 Bourne, , 1945 Jones, 1952 ; Anderson, 1953 ; Brown, 1953 ; Newbold and Goldsmith, 1981 ; Linnard, 1987 ; Evans, 1988 ; Harmer, 1994a Harmer, , b , 1995 Harmer, , 1999 Harmer, , 2001 Hilton and Packham, 2003 ) . Many factors have been emphasized in achieving successful natural regeneration of beech. Trees with large healthy crowns are considered important to ensure adequate seed production -these should not be too spread out as seed dispersal is limited. Activities to establish regeneration ought to be timed to coincide with mast years and/or beech should be established as advance regeneration before canopy opening so that recruits have a head start. Scarifi cation or light ploughing and harrowing of the ground can be used to reduce seed predation (by burying seeds) and break up mor humus (which is inhospitable to small seedlings). Seedlings need to be protected against frost damage by keeping a protective overstorey and opening small gaps. Excessive browsing by deer and livestock needs to be prevented, as does damage during felling/extraction operations. The ground vegetation also needs to be controlled to avoid excessive competition with small regeneration. Finally, seedlings need to be reasonably well lit to develop into vigorous young poles. Accepting these points, beech regeneration in southern Britain is consider to be relatively easy to achieve on acidic podsolic soil, generally easy on alkaline clay chalk and rendzina soil, diffi cult on mesotrophic near-neutral brown earths with abundant growing; (3) beyond the edge of the large/medium gaps (with the gap only partially visible) or directly below very small gaps: canopy openness was only about 2 -3 per cent; bramble was much reduced; beech seedlings were at their most abundant but still patchy in distribution and even shorter, more fl at topped and slower growing than in the above zone; (4) in an outer zone beyond or almost beyond the sight of the gaps: canopy openness was <2 per cent; bramble was weak and sparse; beech seedlings were mostly at low densities and predominately short, slow growing and fl at topped. This ring pattern of beech regeneration appeared to relate mainly to (1) differences in light availability affecting the survival, growth rate and form of seedlings; (2) competition from bramble and possibly (3) limited dispersal of beech seed into gaps. Recommendations are given for managers who wish to use natural regeneration to restock beech woodland. bramble, and very diffi cult on clay soil with abundant bramble (Bourne quoted in McNeill, 1961 ) . This is supported by a recent study of Chiltern beechwoods that found that regeneration of beech was most abundant on loamy, acidic (pH 3.5 -5.0) soil with high available water content ( Clements et al. , 2003 ) . Although one mesotrophic beechwood site in this locality has been recently restocked with dense natural regeneration of mainly beech, this relied on signifi cant amounts of ground preparation and weed control ( Pakenham, 1996 ) .
Despite the availability of literature on the subject, most information is anecdotal and based on casual observation. This paper adds some real data to the scientifi c literature and draws conclusions about how natural regeneration might be best achieved in beech woodland, at least in southern England. It is based on a case study of natural regeneration in a beechwood on mesotrophic clay soil in the Chiltern Hills, southern England. The beechwoods here are well known within Britain: their history, composition, ecology and management are detailed by Watt (1934) , Bourne (1945) , Brown (1952) , Jones (1952 ) , Mansfi eld (1952 and Roden (1968) .
Materials and methods

Study site
The study took place at Rumerhedge Wood. This covers 43 ha on the Chiltern plateau at ∼ 130 m a.s.l. It is near to Checkendon village, Oxfordshire, 10 km NW of Reading (coordinates 51.5° N, 1.0° W, National grid ref SU677814). Most of the site is fl at or gently sloping. The average monthly temperature is ∼ 4°C minimum and 17°C maximum, while the annual precipitation is ∼ 650 mm (based on long-term records from nearby Oxford).
The wood is privately owned and managed for timber production, nature conservation and amenity. It is an ancient woodland with a mixture of semi-natural and replanted stands. About two-thirds is beech ( Fagus sylvatica L.) high forest, with a minority of oak ( Quercus robur L.), ash ( Fraxinus excelsior L.), cherry ( Prunus avium L.), silver birch ( Betula pendula Roth), goat willow ( Salix caprea L.), hazel ( Corylus avellana L.), hawthorn ( Crataegus monogyna Jacq.), holly ( Ilex aquifolium L.), whitebeam ( Sorbus aria L.) and rhododendron ( Rhododendron ponticum L.) (nomenclature follows Clapham et al. , 1993 ) . The ground layer is dominated mainly by bramble ( Rubus fruticosus L. sensu lato ) or sometimes bracken ( Pteridium aquilinum (L.) Kuhn). In addition, there are several conifer or mixed conifer-broadleaved plantation blocks.
Study area
The area selected for study was located just above the southern boundary of the wood ( Figure 1 ). It contained mature beech stands, which appeared to be relatively homogenous in terms of site condition, ground vegetation and tree composition. There were several more or less discrete, mediumsmall gaps with ample regeneration of small beech that was not excessively browsed by deer. The gaps had been created as part of an informal group shelterwood management system, i.e. they originated following a thinning operation in the early 1980s and openings created during severe windstorms in 1987/1990 (and/or consequent salvage operations) (S. Smith of Tilhill Economic Forestry, personal communication). Details of the stands surrounding the gaps are given in the Results section. They had not been thinned for several decades and mainly comprised an upper canopy layer of relatively even-sized beech. Thus, there was a strong contrast between ' gap ' and ' non-gap ' conditions.
The soils formed part of the hornbeam 1 soil association and are classifi ed as stagnogleyic paleo-argillic brown earths ( Mackney et al. , 1983 ) . They are typical of the Chiltern plateau in general, which has a deep, slowly permeable, clay-with-fl ints drift covering and associated soils where subsoil mottling indicates a transition to surface water gley status ( Avery, 1958 ) . A sample soil pit from the study site comprised (1) 3 -5 cm of leaf litter/part-decayed humus; (2) 10 -15 cm of pH 6.5, dark brown, friable, clay loam topsoil with some fl int and (3) 30 cm of pH 6, yellowbrown, silty clay with numerous fl ints over a main sticky, orange, clay-with-fl int subsoil.
The vegetation conformed to the W14 F. sylvatica -R. fruticosus woodland type of the British National Vegetation Classifi cation ( Rodwell, 1991 ) . Beech dominated the upper canopy and mostly occurred as a maiden from seedling origin with only a few old coppice beech stools observed. The maximum height of canopy beech was estimated at 27 -28 m, which places the stand in yield class 7 m 3 ha − 1 year − 1 ( Hamilton and Christie, 1971 ) . Further details of the stand are presented in Table 1 .
Recording
Fieldwork was undertaken between 20 August and 7 September 2001. Fifteen canopy gaps (Gaps A, B, C, D1/D2/D3, E1/E2, F1/F2/F3, G1/2, I, J and K) were recorded ( Figure 1 ). Several were very close to each other and were given the same alphabetical code (e.g. Gaps D1/D2/D3). Each gap was mapped to show the limits of the opening. The gap edge was recorded as the vertical projection of the surrounding canopy edge as viewed from the ground, ignoring small irregularities and single low branches below 5 m. In most places, this was straightforward and repeatable to within 1 m because the stand edge formed a distinct ' canopy layer ' from a height of ∼ 15 m. In a few places, there were occasional large low branches on surrounding trees that extended a few metres into the gaps, which made it diffi cult to decide just where the gap edge was. Surrounding canopy trees were located within ∼ 10 m of gap edges. They had their position, species and size (girth at 1.3 m (g.b.h.)) recorded. In addition, the g.b.h. and height of 11 canopy beech of different sizes was measured using a clinometer. The height of other surrounding trees was estimated using a regression equation derived from these data.
Regeneration, ground vegetation, physical features and canopy openness were recorded in and around each gap. Sampling was based on the intersections of a series of 5 × 5-m grids, which were aligned N-S. The extent of the grids is shown in Figure 1 . Each grid was fi xed on the centre of a gap and extended for 2 -16 m under the adjacent canopy, until the opening of each gap was only just visible or just out of sight. The shape of each grid varied depending on the shape and extent of the gap. Some gaps were close together and Figure 1 . Map of the study area, just north the southern boundary of Rumerhedge Wood. The boxes show the limits of the grids used to sample the 15 canopy gaps coded A -K, the approximate centres of which are shown. sampled using the same grid. The position of the grid was drawn on the same map that recorded the gap edge.
All grid intersections were marked with bamboo canes. At each intersection ( n = 400), a 1 × 1-m quadrat was positioned with the cane in the NW corner (which helped to avoid trampling the vegetation before recording). Eleven quadrats were moved slightly to avoid unrepresentative features (large trees, stumps, fallen branches, low-hanging branches). The following information was recorded in each quadrat.
Percent cover of (1) each species of vascular plant species (herbs, graminoids and ferns), (2) mosses as a group including those on the ground and on deadwood, (3) regeneration (listed separately for each species of tree/shrub), (4) all fallen dead branches but not small twigs and minor fragments and (5) bare earth. Cover was estimated visually from above, ignoring any layering of leaves, recording to the nearest 5 per cent from 5 to 100 per cent, to the nearest 1 per cent from 1 to 5 per cent and as 0.5 per cent if <1 per cent. Maximum height to the nearest centimetre of the ground vegetation, excluding tree/shrub regeneration. This represented the modal value across each quadrat rather than the absolute maximum. Depth of leaf litter measured to the nearest 0.5 cm. This included part-decayed humus and represented the modal value across each quadrat from four to fi ve observations. Where there were large variations in depth, the average was used. Species and condition of all regenerants (all of which were from seed), including (1) total length (i.e. from ground level to tip, including any lateral length); (2) increment of the leading stem during 2001 measured to the nearest centimetre (only the longest leader was measured where there was more than one leading shoot); (3) growth form, taking the lower and upper halves of the main stem separately and classifying them as erect (0 -30° from vertical), leaning (30 -60°) or horizontal/fl at (60 -90°); (4) number of leaders (leading shoots) where more than one shoot was dominant and (5) notes on damage, debarking and other salient features (e.g. browsing). In addition, 78 beech seedlings of 10-to 98-cm length were selected at random and aged by counting the scars on the main stem, which appeared to mark the end of a growing season. These excluded any seedlings in their fi rst growing season. This proved to be a quick method that agreed well with annual ring counts.
Canopy openness using the canopy-scope method developed by Brown et al. (2000) . Briefl y, this involved holding a transparent plastic plate, with 25 dots spaced 3 cm apart in a 5 × 5 square array, at 20 cm from the eye and counting the maximum number of dots that could be fi tted within the gap. Percentage of canopy openness represented by each dot is determined by the height of the canopy and size of the largest gap, with low scores representing relatively closed conditions and vice versa. Each dot is crudely equivalent to around 1 per cent canopy openness and measurements are accurate up to 30 per cent openness. Measurements were made ∼ 1 m above the ground in the centre of each quadrat. If a second gap could be observed with a score of two or more, this was noted.
Analysis
Data manipulation and calculations were carried out in Microsoft Excel Version 7.0. and R Version 2.1.1 ( sR Development Core Team, 2005 ) . Although the grid-based sampling method constrained the statistical analysis because the quadrat sampling was not entirely randomized, it seemed a reasonable approach to make a rapid assessment of the main features in such a way that they could be related to the position within the study gaps. The position of each quadrat relative to the gap centre was determined by measuring the angle between it and the gap centre. The latter was taken as the intersection of the principal gap axes and was determined using the maps that showed margins of the gaps. For the analysis, the quadrats were assigned to one of the four possible quadrants found within each gap: northern (NW-NE), eastern (NE-SE), southern (SE-SW) or western (SW-NW) quadrant. A total of 42 of the 400 quadrat canopyscope scores were excluded from parts of the analysis because (1) they received most of their light from a gap other than the one being recorded and/or (2) they were lit by another gap that had a canopy-scope score of 2 or more (i.e. they were judged to be lit substantially by two or more gaps). Because several quadrats were sampled in each gap, mixed-effects (ME) models that allow nested error structures were fi tted to the data, with gap as the random effect ( Pinheiro and Bates, 2000 ) . Where relationships were linear and error distributions normal, the lme function of the nlme package for R was used to fi t linear mixed-effects (LME) models. Where relationships were nonlinear (e.g. asymptotic curves), non-LME models were fi tted with the nlme function of the nlme package. Where error distributions could not be normalized using transformations, generalized linear mixed models (GLMM) were fi tted in which non-normal error distributions (e.g. binomial) could be specifi ed, using the glmmPQL function of the MASS library ( Venables and Ripley, 2002 ) . Spatial autocorrelation in errors was modelled fi tting spherical structures to empirical semi-variograms of the ME model residuals using the sgeostat package for R. Spatial structure was specifi ed in the ME models if substantial (>10 per cent of total) variance was estimated to be due to spatial autocorrelation.
Results
General characteristics of the gaps and quadrats recorded
The general characteristics and relative locations of the 15 study gaps are shown in Table 1 Thirty small beech, seven small birch, four small cherry and a few small holly and whitebeam saplings of 3-to 14-cm d.b.h. were recorded in and around the gaps (see Table 1 ). The beech Figure 2 . Pattern of ground vegetation cover in and around study Gaps A, B, D1/2/3, F, H and J (see Figure  1 for location). The fi gure shows (1) the outline of each gap, (2) the position of the surrounding large trees (black circles) and (3) the % ground vegetation cover in each 1 × 1-m quadrat along the 5 × 5-m grid (grey circles: largest = 100%, smallest = 0 -5% cover). Some quadrats are not shown because they were receiving additional light from other nearby gaps (see Analysis section).
were clustered mainly around Gaps A, B and C. They appeared to be associated with an older phase of regeneration that had established before the study gaps were created. The birch and cherry appeared to have established immediately after gap creation and had grown fast.
The quadrat records taken at the intersections of the 5 × 5-m sampling grids are summarized in Table 2 . The ground vegetation cover differed greatly: ∼ 35 per cent of quadrats had <10 per cent cover, whereas 25 per cent had >75 per cent cover. The maximum ground vegetation height showed a similar variation: in ∼ 40 per cent of quadrats, this was <20 cm, whereas in 15 per cent, it was >50 cm. The ground vegetation was overwhelmingly dominated by vascular plants (herbs, graminoids and ferns) and in most quadrats by R. fruticosus . Only in a minority of quadrats did other species make up 30 per cent or more cover and in most cases the species involved was Rubus idaeus . Beech seedlings occurred in two-thirds of the quadrats, but rarely exceeded 5 per cent cover. Ash seedlings were present in only 8 per cent of the quadrats, while oak and holly seedlings occurred in <1 per cent. Most quadrats had an almost complete covering of leaf litter, which averaged almost 5-cm depth. Bare earth was hardly recorded and deadwood was scarce. The canopy-scope scores ranged from 1 to 22 (out of a possible maximum of 25), but ∼ 50 per cent of quadrats had a score of only 1 or 2, indicating relatively closed conditions, while 33 per cent scored 3 -10 and <10 per cent were much more open, scoring 15 or more.
Tree/shrub seedlings
A total of 1813 seedlings were recorded in the study quadrats. These comprised 1745 beech, 64 ash, 3 oak and 1 holly. This was consistent with the dominance of beech as a surrounding canopy Figure 3 . Distribution of beech seedlings in and around study Gaps A, B, D1/2/3, F, H and J (see Figure 2 for labelling and pattern of ground vegetation cover). The fi gure shows (1) the outline of each gap and (2) the number of beech seedlings in each 1 × 1-m quadrat along the 5 × 5-m grid (small circles = no seedlings). Some quadrats are not shown because they were receiving additional light from other nearby gaps (see Analysis section). Note the general scarcity of seedlings towards the east of the gaps (see also Figure 10d ). tree. Although conditions seemed potentially suitable for ash, the few nearby ash seed trees were located well beyond the margins of Gap J. Seedlings of oak were rare and those of birch absent, despite the presence of a few large surrounding oak and birch, which seemed capable of fruiting.
The beech seedling population was considered in detail. Only 153 were in their fi rst growing season.
Of the remainder, 75 of the 78 whose ages were determined appeared to be in their fi fth or perhaps sixth growing season. Overall, they averaged 4.4 m − 2 , but the density distribution was highly skewed (see Figure 4 ) . They ranged from 5 to 140 cm in length, but most were only between 10 and 35 cm ( Figure 5 ). Seedling increment during 2001 ranged from 0 to <30 cm, but most had increased by <5 cm ( Figure 6 ). First-year seedlings attained 9.2 cm in height on average. Seedling length and increment during 2001 were strongly positively correlated ( r = 0.621, n = 1745, P < 0.001). Most had an erect base but were fl at topped, and only a minority were entirely erect (see Table 3 ). Around a third had more than one leading shoot ( Table 3 ) , most of which were fl at-topped individuals. Deer had browsed only 12 of the beech seedlings.
Relationships between ground vegetation cover, canopy openness, leaf litter cover and beech seedling density, length and growth form
There was no indication of spatial structure in errors for any of the ME models. Quadrats were therefore assumed to be spatially independent and spatial autocorrelation in errors was not specifi ed in fi tted models. 1 5 -1 9 . 9 2 0 -2 4 . 9 2 5 -2 9 . 9 3 0 -3 4 . 9 3 5 -3 9 . 9 4 0 -4 4 . 9 4 5 -4 9 . 9 5 0 -5 4 . 9 5 5 -5 9 . 9 6 0 -6 4 . 9 6 5 -6 9 . 9 7 0 -7 4 . 9 7 5 -7 9 . 9 8 0 -8 4 . 9 8 5 -8 9 . 9 9 0 -9 4 . 9 9 5 -9 9 . 9 1 0 0 + Seedling length (cm)
Number of seedlings The pattern of ground vegetation cover within and around the gaps is shown in Figure 2 . It was generally high within and around the margins of the gaps, but declined rapidly under the canopy of surrounding trees. As ground vegetation height and cover were positively related (see Figure 7 ) , similar changes took place in the ground vegetation height. The relationship between ground cover and canopy openness (as measured by the quadrat canopy-scope scores) is quantifi ed in Figure 8 . Note how ground cover increased rapidly up to a score of ∼ 5 (which in the largest gaps was still under the surrounding stand), and started to plateau after a score of ∼ 10 (which was typically around the edge of larger gaps). For quadrats that had a near-complete ground cover, the maximum height of the ground vegetation was typically ∼ 40 -60 cm. Leaf litter depth was negatively related to the quadrat canopy-scope scores, though the relationship was not especially strong (see Figure 9 ) .
The distribution of beech seedlings recorded within and around the gaps is shown in Figure 3 . Densities were generally low within the gaps themselves, highest close to the margins and low The table shows the percentage of seedlings in each category. The growth form of the base and top of each seedling was recorded separately: erect = growing at 0 -30° from vertical; leaning = growing at 30 -60°; horizontal/fl at = growing at 60 -90°. further under the surround tree canopy, though this pattern was distinctly patchy. The square root of beech seedling density per quadrat was examined using GLMMs taking the quadrat canopy-scope scores, ground vegetation cover values, leaf litter depths and quadrat locations as predictors. Inspection of scatter plots indicated that the predictor relationships were negative quadratic Figure 8 . Relationship between ground vegetation cover ( G ) and canopy-scope score ( C ) as recorded in 358 quadrats of 1 × 1 m each located in and around the study gaps. The area of each point is proportional to the number of observations. The curve shows the fi tted population values from an asymptotic non-LME model, asin √ ( G /100) = A + ( y 0 − A ) exp( − exp( r ) C ) with random y 0 and r for each gap. Fixed-effects coeffi cients: A = 1.42 ± 0.05, t = 28.6, df = 341, P < 0.0001; y 0 = − 0.07 ± 0.05, t = − 1.4, df = 341, P = 0.16; r = − 1.68 ± 0.16, t = − 10.3, df = 341, P < 0.0001.
(i.e. humped), so quadratic terms were included in the models. A quasi-poisson error distribution, i.e. with variable dispersion parameter, was specifi ed on inspection of residuals from a preliminary Gaussian model fi t. The GLMM analysis confi rmed signifi cant negative quadratic coeffi cients for the effects of canopy-scope score, ground vegetation cover and leaf litter depth on beech seedling density (see Table 4 ). Overall, beech seedling density tended to be higher in quadrats with canopy-scope scores of 2 -10 ( Figure 10 a) , ground vegetation covers of 5 -50 per cent ( Figure 10b ) and leaf litter depths of 2 -5 cm ( Figure 10c ). GLMM analysis also revealed that quadrats to the east of gap centres tended to have the fewest seedlings, while those to the west and north tended to have the most ( Table 4 and Figure 10d ) .
Beech seedling height, height increment and growth form were also related to the environmental measures. Mean seedling height and height increment were both positively related to the quadrat canopy-scope scores (LME models, t test of fi xed-effects slope coeffi cients ≠ 0, P < 0.0001), and erect-topped seedlings were more likely to be found in quadrats with higher canopy-scope scores (GLMM with seedlings nested within quadrats nested within gaps, t test of fi xed-effects slope coeffi cient ≠ 0, P = 0.016).
Discussion
Regeneration in Rumerhedge Wood
The study results provide some useful insights into how successful natural regeneration might be achieved in beech-dominated stands on mesotrophic sites in southern England and comparable situations. It should, nevertheless, be noted that the results came from only a single site and a limited number of gaps, most of which were irregular in shape and relatively small. The study provided only a simple snapshot view of the condition of regeneration a decade or so after gap creation, without fi rm knowledge of how it had initiated or developed in the early years. Nonetheless, the area studied was relatively homogeneous with a sharp contrast between conditions within and outside gaps, and was left to develop without further intervention after gap creation.
A moderate amount of natural regeneration was recorded across the study quadrats. In fact, the overall density of beech seedlings was close to 50 000 ha − 1 , suggested as desirable for restocking beech by natural regeneration ( Evans, 1984 ) . This demonstrates that natural regeneration of beech can be established without the need for special soil treatments. Nonetheless, soil scarifi cation and/or ploughing and burial can achieve much higher densities by concealing the seeds from predators, protecting them from frost and placing them within a suitable medium for establishment ( Madsen, 1995a ; Pakenham, 1996 ) . On acid sites, this can also help improve soil conditions where mor humus has developed ( Jones, 1952 ; Brown, 1953 ) .
The distribution of seedlings was, however, extremely patchy: one-third of the quadrats had no seedlings at all and only one-third attained the equivalent of 50 000 ha − 1 . Also, species other than beech were poorly represented. A few large birch and cherry saplings, which were present predominately on the gap margins, had probably germinated immediately after gap creation and then grew rapidly. Even with a few large and mature oak surrounding some of the study gaps, no oak saplings and very few seedlings were present (none of which appeared likely to survive). A small number of ash seedlings were recorded, but few exceeded 20 cm in height and none were developing strongly. Ash, birch and other species (notably sycamore) could potentially have been represented more in the regeneration (given the mesotrophic soil conditions) if they had been more numerous as large seedproducing trees near the study gaps ( Watt, 1925 ) . Certainly, in their absence, it is apparent that natural regeneration in beech-dominated stands will usually be almost exclusively of beech and not a mixture of broadleaves. In the case of Rumerhedge, supplementary planting and/or direct seeding might be necessary to restore mixed stands and, in the long term, it would be desirable to maintain seed-producing trees of such species through much of the rotation. Most of the beech seedlings were also small and fl at topped: about a third had developed two or more leading shoots. The few larger beech saplings present were predominately on the gap margins. These appeared to be older, advance regeneration that were released when the study gaps were created. Regeneration would probably have developed more successfully had advance regeneration been more plentiful at the time of gap creation or had there been a good seed year immediately after this. Establishment actually appeared to mainly follow the widespread mast year of 1995 ( Hendry et al. , 2002 ) , i.e. several years after the gaps were created. This supports the well-known association between heavy seed production and seedling establishment in beech (e.g. Watt, 1923 ; Bourne, 1942 Bourne, , 1945 Jones, 1952 ; Brown, 1953 ) . The seedlings were short partly because they had grown very slowly: most had increased by <5 cm in the year of recording, and increments >15 cm were rare and confi ned to seedlings of 50 cm or more in height. With so many seedlings being fl at topped, vertical height increments were often negligible, leaving them vulnerable to deer browsing and unlikely to make much vertical growth without an improvement in conditions.
Beech seedling distribution, height and growth form were related to canopy openness, which in turn infl uenced the ground vegetation cover and depth of leaf litter. This produced a four-staged zonation across the study gaps. (1) Around the centre of the larger gaps, canopy openness was high and leaf litter depth was low. Bramble cover here was near complete and natural regeneration scarce, though some of the recruits were among the tallest and most vigorous recorded. (2) Towards the edge of large gaps or directly below smaller gaps, canopy openness dropped to scores of ∼ 4 -10 and bramble declined somewhat. Beech seedlings were moderately abundant but patchy. Although some were among the tallest and most vigorous recorded, they still tended to be shorter, more fl at topped and slower growing than in the centre of large gaps. (3) Beyond the edge of the larger gaps or directly below smaller gaps, canopy openness fell to scores of ∼ 2 or 3 and bramble was much diminished. Beech seedlings here were at their most abundant, but they were shorter and less well developed than in the previous two zones. (4) Finally, in an outer zone, well beyond the larger gap openings, canopy openness dropped to very low levels and bramble was weak and sparse. Beech seedlings occurred in this zone at mostly low densities and were poorly developed. Watt (1925) drew attention to the same ring pattern for gap-phase regeneration of beech based on his observations of beechwoods in southern England, stating that few beech seedlings are found much beyond 2 m from the edge of the crown of surrounding trees. He related this to the fact that most beech seed falls straight down and is not blown far, especially in closed stands, though some account should be made for caching-related dispersal made by major seed predators, especially mice/voles, squirrels and jays (e.g. Jensen, 1985 , found mice and voles move them, on average, 4.3 m). Janßen (2000) modelled the dispersal of beechnuts under moderate wind speeds and demonstrated a sharp decline in dispersal from the crown edge, dropping to very low numbers by ∼ 20 m. Presumably, this explains why gaps in managed beechwoods in Britain over 20 m in diameter are not adequately fi lled in the middle by beech regeneration ( Brown, 1953 ) . The fact that no 1-year-old seedlings was recorded beyond a canopy-scope score of 14 at Rumerhedge Wood adds support to the notion that seed dispersal much beyond the edge of canopy gaps was limited, even if bramble competition had already eliminated some seedlings.
Overstorey shading clearly infl uenced the growth rate and form of beech seedlings, though light within gaps is correlated with soil moisture content and this also infl uences their growth ( Madsen, 1994 ( Madsen, , 1995b Madsen and Larsen, 1997 ; Hahn 2000 ) . Beech seedlings are renowned for lacking apical dominance, being fl at topped and slow growing at 20 per cent or less full sunlight: even when well lit, they grow slowly for at least the fi rst 5 years before increasing to 30-to 40-cm-height increment per year in well-lit situations on favourable sites ( Watt, 1923 ( Watt, , 1925 Harley, 1939 ; Bourne, 1942 Bourne, , 1945 Brown, 1951 Brown, , 1953 Brown, , 1955 Dowell, 1956 ; Madsen and Larsen, 1997 ; Collet et al. , 2001 ) . The latter looked possible for the few better developed, upright seedlings in the better lit areas at Rumerhedge, especially where these had grown above the bramble. Those growing where the canopy-scope score was ∼ 5, however, remained rather slow growing and with a tendency towards fl at-topped growth. These might, nevertheless, still prove a valuable source, especially if they are carefully released by felling overstorey trees and bramble competition is limited. Studies in France have shown that 9-to 12-year-old beech seedlings can be as responsive as young 1-to 4-year-old seedlings when released after canopy opening ( Collet et al. , 2001 ), though growth is initially slow as photosynthetic acclimation takes several years ( Reynolds and Frochot, 2003 ) .
The centre of the larger study gaps was full of dense bramble, as is usual in such woodlands ( Rodwell, 1991 ) . Bramble is thought to have both advantages and disadvantages for beech regeneration. It shades seedlings, physically suppresses their development, limits soil water and nutrient availability and provides cover for rodents/rabbits that can consume large quantities of beech seed and/or damage seedlings; on the other hand, it protects seeds/seedlings against predators, browsing and damage from frost/desiccation ( Watt, 1923 ( Watt, , 1925 Bourne, 1945 ; Brown, 1952 Brown, , 1953 Jones, 1952 ; Ashby, 1959 Ashby, , 1967 Pigott, 1985 ; Morgan, 1991 ; Berry, 1994 ; Madsen, 1995a ; Mountford and Peterken, 2003 ; Fotelli et al. , 2005 ) . Although bramble was found to be sparse and short under closed canopies, it responded strongly to slight increases in canopy openness. At only about a canopy-scope score of 10, it reached near-full cover. Even after some distance under the crowns of surrounding trees, bramble was found to be growing quite abundantly, exactly where many of the better established beech seedlings were positioned. Both here and further into gaps, bramble had overtopped and generally shaded the seedlings and hampered their development. Nevertheless, at the time of recording, many of the better established seedlings looked as though they would endure such competition, based on their general appearance and condition of foliage. Although bramble was certainly infl uential and an outstanding feature in the larger study gaps, it seemed that poor seed dispersal was probably at least as important in explaining why beech seedlings were scare here (see the discussion above). It was particularly noticeable that some of the stronger, more upright individuals growing in semi-shade had already started to grow clear of the bramble and accordingly become better lit: others looked as though they would follow. In fact, the competitive effect of bramble on beech seedlings under shady conditions is rather limited ( Fotelli et al. , 2005 ) . Based on the condition of the recorded seedlings, there was no evidence to suggest that bramble had inhibited regeneration by encouraging rodent/ rabbit damage. Nor had it apparently been important in protecting seedlings from deer browsing: although deer frequented the area, only a very few seedlings had any signs of browsing damage despite many being completely exposed outside of bramble patches.
Beech seedlings were found to be generally less numerous under the most closed canopies compared with slightly more open areas. This indicates that extreme shade reduced seedling establishment and/or survival. As leaf litter depth (and tendency towards mor humus formation) was relatively low, even under the most closed canopies, it seems that inhospitable soil conditions did not contribute greatly to the low abundance of seedlings. However, it is quite possible that other factors, notably the effects of sapsucking insects ( Watt, 1923 ) , parasitic fungi ( Harley and Waid, 1955 ) or other damaging incidents ( Madsen, 1994 ) , could have been involved.
Beech seedlings tended to be less frequent on the eastern quadrant of the gaps. This was despite there being no signifi cant difference in ground vegetation cover and virtually no difference in seedling heights related to aspect. This might simply refl ect localized patterns of seed production, dispersal, soil conditions, etc., or the rather crude approach to the assignment of geographic position in the analysis. But it might relate to differences in seedling survival caused by the different microclimatic regimens found around canopy gaps in northern temperate forests ( Canham et al. , 1990 ; Wayne and Bazzaz, 1993 ; Ritter et al. , 2005 ). If it did, then survival seems to have been reduced where direct sunlight was received during the warmest part of the day ( Ritter et al. , 2005 ) . This may be connected with the increased competitive effect bramble has on beech seedlings when both light and air temperatures are elevated ( Fotelli et al. , 2005 ) .
Implications for management
Based on the study results and discussion, the following recommendations are given for those using natural regeneration to restock mesotrophic beech woodland:
Gaps in beech-dominated stands are unlikely to regenerate with other major tree species unless they have a seed source located nearbywhere the aim is to establish mixed stands, other species ought to be introduced by planting or perhaps direct sowing immediately after gap creation. Beech seed does not travel far into gaps and consequently regeneration in gaps larger than ∼ 5-m diameter tends to be concentrated around the edges -it might be desirable to regenerate light-demanding species in large gap centres or regenerate beech by establishing it as advance regeneration before gaps are opened or by opening gaps immediately after seed fall in a mast year (e.g. Pakenham, 1996 ) . Natural regeneration of beech tends to initiate best around the edges of medium -large gaps at intermediate levels of canopy openness, bramble cover and leaf litter depth. Beech seedlings require moderate light levels to grow vertically and even under these conditions are initially slow growing -a decade or two might therefore be necessary before they grow into saplings >1.5 m tall. Bramble readily invades even the smallest of canopy gaps -it can overtop and suppress beech seedling development unless it is controlled, though seedlings can grow above bramble if they are well established and given time. Beech seedling establishment tends to be rather patchy even where conditions appear suita blethis might be improved by soil scarifi cation or ploughing/burial treatments.
